The kernel energy method (KEM) is applied to the vesicular stomatitis virus (VSV) nucleoprotein (PDB ID code 2QVJ). The calculations employ atomic coordinates from the crystal structure at 2.8-Å resolution, except for the hydrogen atoms, whose positions were modeled by using the computer program HYPERCHEM. The calculated KEM ab initio limited basis Hartree-Fock energy for the full 33,175 atom molecule (including hydrogen atoms) is obtained. In the KEM, a full biological molecule is represented by smaller ''kernels'' of atoms, greatly simplifying the calculations. Collections of kernels are well suited for parallel computation. VSV consists of five similar chains, and we obtain the energy of each chain. Interchain hydrogen bonds contribute to the interaction energy between the chains. These hydrogen bond energies are calculated in Hartree-Fock (HF) and Møller-Plesset perturbation theory to second order (MP2) approximations by using 6 -31G** basis orbitals. The correlation energy, included in MP2, is a significant factor in the interchain hydrogen bond energies.
T he kernel energy method (KEM) combines structural crystallographic information with quantum-mechanical theory, and is of practical use in the calculation of molecular interaction energies, which is otherwise a challenging problem for large molecular targets such as the vesicular stomatitis virus (VSV) nucleoprotein. This article focuses on calculations of total energy for the entire molecule and the hydrogen bond interaction energies between the chains of VSV which make up the full nucleoprotein, whose PDB ID code is 2QVJ (1) .
The KEM here used determines the quantum mechanical molecular energy by the use of parts of a whole molecule, which are referred to as kernels, as in supporting information (SI) Fig.  S1 . Because the kernels are much smaller than a full biological molecule, the calculations of kernels and double kernels are practicable. Subsequently, kernel contributions are summed in a manner affording an estimate of the energy for the whole molecule. Thus, the task of obtaining a quantum mechanical energy is simplified for large biological molecules. The computational time is much reduced by using the KEM, and the accuracy obtained appears to be quite satisfactory, as shown in previous work (2) (3) (4) (5) (6) (7) (8) .
As the crystal structure is known for 2QVJ under study, the molecule may be mathematically broken into the tractable pieces called kernels. The kernels are chosen such that each atom occurs in only one kernel. Only kernels and double kernels are used for all quantum calculations. The total molecular energy is reconstructed there from, by summation over the contributions of the double kernels reduced by those of any single kernels that have been over counted.
If all double kernels are included, the total energy is,
where E ij ϭ energy of a double kernel of name ij, E i ϭ energy of a single kernel of name i, i, j ϭ running indices, and n ϭ number of single kernels.
In this article we obtain the total molecular energy of 2QVJ and all of its interchain hydrogen-bond interaction energies. Such fundamental information can be used to understand the basis of the VSV nucleoprotein stability which is essential to its structural contribution in the encapsidation of the viral RNA which it envelopes in vivo.
The definition of the interaction energy between any pair of kernels is:
where, the subscript indices name the pair of kernels in question, I ij is the pair interaction energy, E ij is the energy of a double kernel, and E i and E j are the energies of a single kernel. The sign of the interaction energy, I ij , indicates whether the kernels i and j attract (negative I) or repel (positive I).
Knowledge of the list of the hydrogen bond interaction energies is an aid to understanding their contribution to the VSV nucleoprotein structural stability. Moreover, it would be extremely difficult to obtain by experimental methods the hydrogen-bond interaction energies that flow naturally from implementation of the KEM to the problem.
The crystal structure of 2QVJ is known (1). The original reference 1 contains the crystal structure analysis, and gives the 2.80-Å resolution, the R factor magnitude as Rcryst ϭ 0.243, root mean square deviations of bonds (Å) equal to 0.006, and angles (°) equal to 0.95. As indicated in the reference 1, in-place model rebuilding was carried out followed by additional manual model building and real-space refinement. The crystal structure strongly suggests that intermolecular contacts among the chains are critical for encapsulation of viral RNA, but the energetic magnitude of these interactions does not follow directly from the crystallography. However, the hydrogen bond energies between the chains do follow from the KEM calculations applied to 2QVJ using the crystal's atomic coordinates.
Results
Total Energy Calculation. The 2QVJ molecule, Fig. S2 A is composed of five chains (A-E), one of which (chain A) is shown as a ball and stick representation in Fig. S2B . Each chain has 421 residues, 6,635 atoms, and carries a charge of ϩ3. The entire molecule contains 33,175 atoms. Each of the five chains is divided into 66 kernels, each of whose amino acid sequence is shown in Fig. S3 ; we have altogether 66 ϫ 5 ϭ 330 kernels, contained in the entire molecule composed of five chains. In demarcations between kernels are indicated as vertical black lines.
In Table S1 , each of the 66 kernels associated with a single chain is enumerated, and for each kernel there is given the number of its residues, the numerical identity of the amino acids that define the kernel, and the amino acid sequence associated with the kernel.
To calculate the energies of the title molecule of this paper and each of its five subchains, we have used the atomic coordinates of the crystal structure which has been solved for the 2QVJ molecule. However, the crystal structure does not deliver the hydrogen atom coordinates. These have been added automatically to the non-H atoms of the crystal structure using the procedures of the computer program HYPERCHEM. The amino acid sequence, which defines each of five chains that make up the full molecule, are exactly the same. But the relative positions occupied by each of the chains in the full molecule will differ, and this in turn will affect slightly the automatic placement of hydrogen atoms from chain to chain. As a result the energy of the chains will differ slightly, from one to another. In Table 1 we list the limited basis (STO-3G) (9) Hartree-Fock (10, 11) energies, calculated using Eq. 1, for each of the five chains (A-E) that make up the full molecule.
Eq. 1 is also applied to calculate the total energy of the full molecule 2QVJ, and that result is Ϫ825,954.57 [a.u.].
Hydrogen Bond Calculations. The interface statistics between chains, as shown in Fig. S4 , are important in studies of biomolecules, and among the most interesting interchain interactions are those associated with the hydrogen bonds. All of the interface statistics between chains for 2QVJ molecule were determined by use of the computer program HBAT 1.0 (12) . Table S2 lists the number of hydrogen bonds and the number of non-bonded contacts between chains. The third column in the table indicates the residue pairs including all hydrogen bonds which are the focus of these calculations. We determined all such hydrogen bond interactions between the chains and calculated their magnitudes by using Eq. 2. The figures below give a representation of each of the hydrogen bonds between residues, and the tables below deliver the energy magnitudes which correspond to the pictures. The table entries and the figures may be correlated according to the uniform interaction nomenclature used in both. The letters used name a particular chain, and the numbers indicate a residue in the chain. For example, the designation A7-B256 refers to residue of number 7 attached to chain A, and residue of number 256 attached to chain B. In subsequent sections we calculate all of the hydrogen bond interaction energies which exist, based on distance criteria, between the various chain pairs. All of the hydrogen bond calculations are reported by using 6-31G** (14-17) basis functions in both the Hartree-Fock (11, 12) and MP2 approximations (18) (19) (20) .
Hydrogen Bonds Between A and B Chains. In Table 2 we report results for 13 hydrogen bonds which occur between 12 residue pairs. In Fig. 1 A-L are the hydrogen bond donor-acceptor geometries which correspond to the energy calculations of Table 2 .
Hydrogen Bonds Between A and E Chains. There are 13 interchain hydrogen bonds associated with chains A and E. The calculated interaction energies of 11 residue pairs, are listed in Table 3 . The pictures of the hydrogen bonds which correspond to Table 3 are shown in Fig. 2 A-K.
Hydrogen Bonds Between B and C Chains. There are 13 hydrogen bonds between chains B and C. The calculated interaction energies of 12 residue pairs are shown in Table 4 . All of the hydrogen bond geometries which correspond to the energies of Table 4 are shown in Fig. 3 A-L.
Hydrogen Bonds Between C and D Chains. There are 14 hydrogen bonds between chains C and D. The calculated interaction energies between 12 residue pairs are listed in Table 5 . The geometries that correlate to the energies in Table 5 are shown in Fig. 4 A-L.
Hydrogen Bonds Between A and C Chains; B and D Chains; and B and E Chains. There are 2 sets of hydrogen bonds between the A and C chains. In Table 6 second and third columns we report results for the hydrogen bonds which occur. In Fig. 5A and B are the hydrogen bond donor-acceptor geometries that correspond to the energy calculations of Table 6 , second and third columns. There are three hydrogen bonds between chains B and D. The calculated interaction energies in two residue pairs are listed in Table 6 , fourth and fifth columns. The corresponding hydrogen bond geometries are shown in Fig. 5 C and D. There are three hydrogen bonds between B and E chains. The calculated interaction energies of two pairs of residues are shown in Table 6 , sixth and seven columns. The geometries of the corresponding hydrogen bonds are displayed in Fig. 5 E and F.
Discussion and Conclusions
Within RNA viruses the viral genome RNA is completely enwrapped by a nucleoprotein. Vesicular stomatitis virus is such a case. The nucleoprotein in VSV is a 10 member ''cylindrical'' oligomer, half of which is the five member oligomer 2QVJ that retains a ''half cylinder shape'', has been crystallized and is the subject of study in this paper. As suggested by the authors of the crystal structure reference (1) the intermolecular interactions among the chains that make up the nucleoprotein play a critical role in providing the structural stability it acquires before encapsulation of the viral RNA. This is a conclusion which follows from the crystal structure study. Knowledge of the crystal structure alone does not dictate the actual magnitude of the interchain interaction energies. However, given the crystal structure, it becomes possible to extract data from the hydrogenbond donors and acceptors, and with that information, to calculate the interchain hydrogen bond interaction energies. That has been accomplished in this paper.
To begin, we calculated the total energy of the entire 2QVJ molecule by using the basic ideas of the KEM. The coordinates of the atoms used were obtained from the crystal structure at 2.8-Å resolution, except for the hydrogen atoms. The position of the hydrogen atoms were modeled by a subroutine of the computer program HyperChem. Because of the fairly large number of atoms in the molecule as a whole (33,175), we calculated the energy in the Hartree-Fock approximation only, by using a limited basis of Gaussian orbitals. We considered each of the molecule's five chains separately, breaking each chain into 66 kernels. A total of 330 kernels make up the whole molecule. Each kernel was chosen to contain approximately 100 atoms, which is of practicable size. In this way, using Eq. 1 the data of Table S2 were able to be obtained. And, Eq. 1 also delivers a total energy for the full protein equal to Ϫ825,954.57 a.u.
It is likely that the interchain hydrogen bonds are among the most important contributors to the stability of the interchain structure of the whole molecule. All of the many interchain hydrogen bonds have been considered, their geometries displayed, and their corresponding energies have been calculated. This is the information illustrated in Figs. 1-5 , and listed in Tables 2-6, respectively. The figures illustrate a variety of interesting hydrogen bond geometries. In addition to the usual two point geometry of a hydrogen bond as in Fig. 1I , see also 3-, 4-, and 5-point geometry in for example, Figs. 1 A and G and 4L, respectively. The tabulated hydrogen-bond energies indicate the importance of correlation energy in representing the hydrogen- Table 2 (1e), (1f), Table  3 (2a), Table 4 (3a), (3d), (3g), (3l), etc. In summary, the quantum calculations of VSV complement the crystal structure determination of the molecule by delivering the energetics that follow from knowledge of the atomic coordinates. One obtains by the KEM an approximation to the total energy of the whole molecule, and the individual chains which make it up. Principal contributors to the chain interactions are the hydrogen bonds between them. All of these hydrogen-bond interactions have been calculated in both the Hartree-Fock and MP2 approximations.
Quantum calculations of large biological molecules such as those of this paper should find increasing application in the fundamental study of medical problems.
Methods of Calculation
The identification of all hydrogen bonds between chains was determined by use of the computer program HBAT 1.0 (12), which receives as input the protein databank (PDB) file with the atomic coordinates of each pair of chains, and analyzes them for all possible hydrogen bond donors and acceptors within a given distance criterion. Once all of the hydrogen-bond donors and acceptors have been identified, other graphics software is used to produce their images, including their dashed line representations and the indications of relevant distances.
We calculated the quantum mechanical interaction energies representing the hydrogen bonds in two different ways. First by the Hartree-Fock (HF) (10, 11) self-consistent field (SCF) method. The calculations here were implemented by using the analytical basis functions of type 6 -31G** (13-16). The energy error that is inherent to the independent particular Hartree-Fock equations is called the correlation energy error, which in absolute terms is quite small although it is nonetheless important. An interaction energy calculation which is significantly more accurate than those of the Hartree-Fock results may be obtained by using Møller-Plesset perturbation theory (17) (18) (19) 
